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Abstract To examine how rhizobia affect the chemical
and nutrient status in leaves of soybean (Glycine max L.),
and how rhizobia change plant susceptibility to a generalist
spider mite (Tetranycus urticae), we cultivated root-no-
dulating soybeans (R?) and their non-nodulating mutant
(R-) in a common garden. We experimentally fertilized
the plants with nitrogen to examine effects of rhizobia on
the plant traits and plant susceptibility to spider mites at
different nitrogen levels. R? plants produced more leaves
containing greater nitrogen and less total phenolics than
R- plants. Spider mites fed on R? leaves produced more
eggs than those fed on R- leaves. The positive effect of
rhizobia on spider mite fecundity could be due to an
increase in foliar N content and/or to a decrease in con-
centration of phenolics. Although root nodule mass did not
differ among different nitrogen levels, ureide-N, an indi-
cator of nitrogen provided by rhizobia, in xylem sap
decreased at moderate and high soil nitrogen levels.
Therefore, we expected that rhizobia effects on egg pro-
duction of the spider mite would decrease in high soil
nitrogen conditions. However, the effect of rhizobia was
still maintained even at high soil nitrogen levels. Thus, soil
nitrogen and rhizobia may independently affect the repro-
ductive performance of the spider mite.
Keywords Above- and belowground interactions 
Glycine max  Nitrogen  Phenolics  Rhizobia 
Ureide
Introduction
Ecological communities are structurally organized into
complex networks by direct and indirect interactions
(Ohgushi 2005; Bascompte and Jordano 2007; Ohgushi
et al. 2007; Ings et al. 2009). In terrestrial systems, plant-
mediated indirect interactions are ubiquitous, and recent
studies have revealed the importance of plant-mediated
indirect interactions in population dynamics and/or com-
munity organization of arthropods (Van Zandt and Agrawal
2004; Ohgushi 2005, 2008; Poelman et al. 2008). Although
we have made great advances in understanding direct and
indirect plant-arthropod interactions, how microbial sym-
bionts living in plant tissues affect aboveground plant-
arthropod interactions still remains unclear. Because plants
harbor various microbes that strongly influence the chem-
ical and nutrient status of host plants (Clay 1988; Gange
and West 1994; Chaneton and Omacini 2007), the micro-
bial effects can expand to aboveground arthropod popula-
tions and communities through changes in plant traits
(Omacini et al. 2001; Rudgers and Clay 2008; Hartley and
Gange 2009).
Terrestrial plants have symbiotic mutualisms with
belowground microbes such as mycorrhizal fungi and/or
nitrogen-fixing bacteria (Smith and Read 1997; Patriarca
et al. 2002). Mycorrhizal fungi provide nutrients (mainly
nitrogen and phosphorus) to host plants (Edathil et al.
1996; Smith and Read 1997), and improve the chemical
and nutrient status of leaves (Gange and West 1994;
Goverde et al. 2000). These changes in host plant quality
affect arthropod herbivores (Hartley and Gange 2009;
Koricheva et al. 2009). For example, arbuscular mycor-
rhizal fungi increase carbon-based chemical defense sub-
stances (acucubin and catalpol) in leaves of plantain
(Plantago lanceolata) and, as a result, reduce leaf-chewing
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herbivory (Gange and West 1994). Vicari et al. (2002)
reported that larval survival of a noctuid moth (Phlogo-
phora meticulosa) fed on perennial ryegrass (Lolium per-
enne) decreased when the plants were infected by
mycorrhizal fungi. In contrast, the survival and body
weight of larvae of the common blue butterfly (Polyomm-
atus icarus) fed on mycorrhizal bird’s-foot trefoil (Lotus
corniculatus) were greater than those of the same species
fed on non-mycorrhizal plants (Goverde et al. 2000). Thus,
there is a growing body of evidence that mycorrhizal fungi
can positively or negatively affect the performance of
aboveground arthropods (Gange 2007; Hartley and Gange
2009; Koricheva et al. 2009).
Nitrogen-fixing bacteria are another important group
that has obligate symbiosis with plants. In particular, rhi-
zobia live in root nodules of legume plants and provide
synthesized nitrogen compounds (NH4
?) from N2 in the
atmosphere to the host plant (Patriarca et al. 2002). In the
root nodulation, there is a reciprocal signaling system
between rhizobia and legume hosts (Miklashevichs et al.
2001). This nodulating process is regulated by multiple nod
genes of the legumes and rhizobia (van Rhijn and Van-
derleyden 1995). Therefore, legume mutants lacking nod
genes cannot induce root nodules.
Although Kempel et al. (2009) first documented the
positive effects of rhizobia on the body weight of lepi-
dopteran caterpillars and the population growth of aphids
in a greenhouse experiment, using root-nodulating and
non-nodulating clovers (Trifolium repens L.), we know
little about the effects of nitrogen-fixing bacteria on the
performance of aboveground arthropod herbivores.
To learn more about such effects, we examined how
rhizobia modify the chemical and nutrient status of leaves
of soybean (Glycine max L.) and how rhizobia affect plant
susceptibility to a generalist spider mite (Tetranycus urti-
cae). We assessed the plant susceptibility to spider mites
by measuring the egg production of mites fed on leaves of
rhizobia associated plants. Previous studies have deter-
mined plant susceptibility to the spider mite evaluated by
assessing the fecundity of female mites (Stonor and
Stringfellow 1967; Choh et al. 2004; Saeidi and Mallik
2006). In this study, we experimentally fertilized soybeans
with nitrogen to examine the effects of rhizobia on eggs
laid by the mite at two or three nitrogen levels. This is
because rhizobia-legume associations are influenced by
soil nitrogen (Evans 1982; Hardarson and Zapata 1984).
Since soil nitrogen usually inhibits root nodulation and/or
rhizobia activity (Evans 1982; Hardarson and Zapata
1984), the effect of rhizobia on plant susceptibility to
herbivores may depend on soil nitrogen conditions.
In this study we addressed the following questions: (1)
Do rhizobia change plant biomass, carbon, nitrogen, or
secondary metabolic substances (total phenolics) in leaves?
(2) Do rhizobia influence egg production by spider mites?
(3) How does rhizobia activity change, depending on the
soil nitrogen level? (4) How does soil nitrogen influence
the effect of rhizobia on the egg-laying of spider mites?
Materials
Soybean (G. max) is an annual legume and is a native plant
in East Asia. In central Japan, soybean seeds are sown from
late June to early July, and the plants begin to bear flowers
in August. Soybean produces pods in September, and the
pods gradually mature during autumn. Several bacteria,
Bradyrhizobium japonicum, B. elkani, and Rhizobium fre-
dii, form root nodules on soybean roots. We inoculated
B. japonicum on soybean seeds (see detailed method
in ‘‘Experimental design’’). Bradyrhizobium japonicum
(Konryukin Mame-Zo) was provided by the Federation
of Tokachi Agricultural Cooperative Association. In this
study, we used two soybean strains to compare the rhizobia
effect. One is a root-nodulating strain (cv. Fujimishiro:
R?) and the other is a non-nodulating strain (cv. Touzan
no. 90: R-). Touzan no. 90 was made by backcross to
Fujimishiro after crossing between Fujimishiro and T201
which was another non-nodulating soybean (K. Takahashi,
personal communication). T201 has a mutation in the rj1
locus that is responsible for root hair-curling when taking
rhizobium into the root (Williams and Lynch 1954;
Mathews et al. 1987; Suganuma et al. 1991). Therefore,
Touzan no. 90 is closely related to Fujimishiro except for
root nodulation. Seeds of the soybean strains were provided
by the Laboratory of Plant Breeding, Faculty of Agricul-
ture, Kyoto University.
To determine plant susceptibility to the spider mite, we
measured the number of eggs laid by spider mites (T. ur-
ticae). The spider mite is a generalist herbivore that is
distributed throughout the world and feeds on more than
900 plant species (Navajas 1998). The spider mites had
been reared on lima bean plants (Phaseolus lunatus L.) in a
climate-controlled greenhouse (25 ± 2C, 50–70% RH,
and natural light condition) for more than 3 years.
Experimental design
We carried out a common garden experiment to examine
the effects of rhizobia (R) on plant biomass, chemical and
nutrient status of leaves, and rhizobia activity at three soil
nitrogen levels (F-, F?, and F??), and a laboratory
experiment to examine plant susceptibility to spider mites
at two soil nitrogen levels (F- and F??). On June 15 in
2007, 150 and 250 surfaces of R? and R- soybean seeds,
respectively, were sterilized for 3 min in saturated 1%
sodium hypochlorite solution and were germinated on wet
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cotton. We sprinkled lumps of soil containing B. japonicum
on the surfaces of 5-day-old germinated seeds and trans-
planted them individually into polyethylene pots (5 cm in
diameter and 5 cm in depth) filled with a 1:1 mixture of
brunizen and sand, which had been autoclaved-sterilized at
127C for 72 min. The black soil and sand are low in
nutrients [available nitrogen (ammonium-N ? nitrate-N)
concentration: 55 ± 25 lg/soil-g (mean ± SE, n = 10),
N. Katayama, unpublished data]. Two weeks later, we
separately transplanted the seedlings into large polyethylene
pots (20 cm in diameter and 20 cm in depth) filled with the
autoclaved-sterilized soil. Phosphorus and potassium were
applied into all pots prior to transplanting (calcium super-
phosphate 1.5 g per pot, K2SO4 1.5 g per pot). We added
0.3 g of ammonium nitrate to one-third of the pots (F?
treatment) and 0.6 g of ammonium nitrate to other one-third
of the pots (F?? treatment). We did not add nitrogen
fertilizer to the remaining pots (F- treatment).
On 29 June we randomly placed 101 pots of R? plants
and 171 pots of R- plants, which contained three different
soil nitrogen levels (F-, F? and F??), in eight lines in a
common garden of the Center for Ecological Research of
Kyoto University (345801700N, 1355703200E, Otsu city,
Japan). The lines were spaced at 80-cm intervals, and the
pots within each line were spaced at 80-cm intervals. We
additionally applied ammonium nitrate to each pot with F?
(0.3 g) and F?? (0.6 g) treatments on 18 July, 6 August,
25 August, and 14 September.
Analysis of xylem sap
On 4 September, we randomly selected 25, 24, 25, 14, 15,
and 14 of the R-F-, R-F?, R-F??, R?F-, R?F?,
and R?F?? plants, respectively. To collect xylem sap for
assessing rhizobia activity, we cut the aboveground parts,
leaving 5 cm of a stem, at 4 a.m., and covered the top of
the stem with 1 g of cotton wool. The cotton wool was
wrapped with cellophane film to prevent evaporation from
the exuded xylem sap. After 5 h, we collected the cotton
wool of the individual plants. Xylem sap was collected into
a 100-ml centrifuge tube by spinning out the cotton, using a
centrifuge (3,500 rpm, for 1 h). The collected xylem sap
was filtered through a Millipore filter (0.20 lm) and
transferred into a 1-ml tube. The samples were then stored
in a freezer (-20C) until chemical analysis.
In this study, we assessed rhizobia activity using the
relative ureide method (Herridge and Peoples 1990). Soy-
bean xylem sap contains nitrogen as ureides (allantoin and
allantoic acid), amino acids (mainly asparagine and gluta-
mine), and nitrate (Matsumoto et al. 1977). Using xylem
sap collected from field-grown soybeans, Streeter (1979)
reported that ureide was the principal form of nitrogen
transported from nodulated roots to soybean shoots. In
contrast, nitrate and amino acids in xylem sap are major
forms of nitrogen derived from soil (Unkovich and Pate
2000). Therefore, we estimated rhizobia activity by deter-
mining the relative ureide concentration.
The relative ureide concentration (RU, %) was calcu-
lated using the following equation:
RU %ð Þ ¼ Ureide-N=ðUreide-N þ Nitrate-N þ Amino-NÞ
 100
Ureide-N was determined by the Young-Conway
method (Young and Conway 1942) using 50 ll of xylem
sap. Amino-N was determined by the ninhydrin method
(Herridge 1984) using 50 ll of xylem sap. Nitrate-N was
measured by Cataldo’s method (Cataldo et al. 1974) using
50 ll of xylem sap.
Plant biomass and leaf quality
We brought the aboveground plant parts to a laboratory,
and divided them into leaves and other parts (i.e., stems
and reproductive organs including buds, flowers, and pods).
After collection of the xylem sap, we dug up plant roots,
separated the root nodules from the roots, and counted the
number of root nodules.
Then, stems, reproductive organs, root nodules, and
roots were oven-dried at 60C for 48 h. The leaves were
dried in a desiccator with silica gel at room temperature
(22–25C). After drying, we measured the total plant dry
mass, dry mass of the root nodules, and dry mass of the
leaves.
The dry leaf samples were powdered using a mill for
leaf chemical analysis. The carbon and nitrogen contents of
the leaves were measured using an elemental analyzer
(CHN Corder MT-3, Yanaco, Kyoto, Japan) with 20 mg
powder samples. Total phenolics in a 20-mg leaf powder
sample were extracted with 50% methanol (10 ml) for 1 h
in a 40C ultrasonic bath, and the concentration (mg/g) was
measured using the Folin-Ciocalteu method (Julkunen-
Tiitto 1985).
Bioassay using spider mites
On 26 September in 2007 we collected a top leaf each from
6, 12, 6, and 9 of R-F-, R-F??, R?F-, and R?F??
plants cultivated in a common garden, respectively. Pieces
from each sampled leaf were punched out using a cork
borer to obtain 5–8 leaf discs 8 mm in diameter. One adult
female mite was placed on each leaf disc on water-satu-
rated cotton in a petri dish. The leaf discs inoculated with
the mites were placed in an incubator (25 ± 2C, 60–70%
RH and 16L8D); 72 h after mite inoculation, we checked
whether the spider mites were alive and counted the
number of eggs on each leaf disc using a microscope.
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When inoculated mites had died during the experimental
period, they were excluded from further analysis.
Statistical procedure
The number and dry mass of root nodules of R? plants
were compared between F treatments by one-way
ANOVA. Ureide-N, amino acid-N, and nitrate-N in xylem
sap were compared between R and F treatments by two-
way ANOVA. The relative ureide ratio (RU, %) was arc-
sin-transformed, and was compared between F treatments
by one-way ANOVA. Total biomass and leaf mass were
compared between the R and F treatments by two-way
ANOVA. Carbon, nitrogen, and total phenolics in leaves,
and egg production of spider mite were compared between
R and F treatments by two-way ANOVA. The survival rate
of spider mites in the experimental period on each plant
was compared between F and R treatments by a two-way
nominal logistic regression analysis. The Tukey-Kramer
test was used as a post hoc test for any parameters between
treatments. In two-way ANOVAs, we conducted post hoc
tests, using each treatment independent of R and F treat-
ments when significant interactions were detected between
R and F treatments (Zar 1999).
Results
Root nodules
The numbers of root nodules of R? plants were
73.4 ± 11.2 (mean ± SE), 82.5 ± 13.5, and 103.7 ± 21.6
for the R?F-, R?F?, and R?F?? treatments, respec-
tively, and R- plants had no root nodules. Neither the
number nor the dry mass of root nodules differed among F
treatments (one-way ANOVA, number of root nodules:
F2,40 = 0.93, P = 0.404; dry mass: F2,40 = 0.02,
P = 0.983).
Nitrogen types in xylem sap
Ureide-N of R? plants was significantly greater than that
of R- plants and decreased with increasing soil nitrogen
levels (two-way ANOVA, R: F1,117 = 54.46, P \ 0.001,
F: F2,117 = 3.24, P = 0.044, Fig. 1a). There was a
significant interaction between R and F treatments
(F2,117 = 3.48, P = 0.035). In contrast, amino acid-N did
not differ between R? and R- plants, but increased with
increasing soil nitrogen levels (two-way ANOVA, R:
F1,117 = 0.33, P = 0.565, F: F2,117 = 15.62, P \ 0.001,
Fig. 1b). Nitrate-N did not differ between R? and R-
plants or among F treatments (two-way ANOVA, R:
F1,117 = 0.05, P = 0.817, F: F2,117 = 2.81, P = 0.065,
Fig. 1c). There were no significant interactions in amino
acid-N and nitrate-N between R and F treatments (amino
acid-N: F2,117 = 2.50, P = 0.087, nitrate-N: F2,117 =
0.63, P = 0.534). As a result, the relative ureide concen-
tration decreased with increasing soil nitrogen level (one-
way ANOVA, F2,40 = 3.97, P = 0.028, Fig. 1d), sug-
gesting that rhizobia activity was reduced in high soil
nitrogen conditions.
Soybean biomass
The total biomass and leaf mass of R? plants were sig-
nificantly greater than those of R- plants, and soil nitrogen
increased them (two-way ANOVA, total biomass: R:
F1,117 = 55.14, P \ 0.001, F: F2,117 = 10.95, P \ 0.001;
leaf mass: R: F1,117 = 26.55, P \ 0.001, F: F2,117 =
11.66, P \ 0.001, Fig. 2a, b). There were no interactions
between R and F treatments (total biomass: F2,117 = 0.23,
P = 0.795; leaf mass: F2,117 = 0.46, P = 0.635).
Chemical and nutrient status of leaves
The foliar carbon and nitrogen of R? plants were signifi-
cantly greater than those of R- plants, and soil nitrogen
increased the plants’ carbon and nitrogen concentrations
(two-way ANOVA, carbon: R: F1,117 = 232.43, P \
0.001, F: F2,117 = 29.85, P \ 0.001; nitrogen: R: F1,117 =
111.95, P \ 0.001, F: F2,117 = 17.84, P \ 0.001, Fig. 3a,
b). There were significant interactions between R and F
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Fig. 1 a Ureide-N, b amino acid-N and c nitrate-N, and d relative
ureide (RU) in xylem sap. Solid and open columns indicate root-
nodulating (R?) and non-nodulating (R-) soybeans, respectively
(R-F-: n = 25, R-F?: n = 24, R-F??: n = 25, R?F-: n = 14,
R?F?: n = 15, and R?F??: n = 14). Different letters show
significant difference between treatments (Tukey-Kramer test,
P \ 0.05). Bars show SE
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F2,117 = 5.78, P = 0.004). Although the carbon and
nitrogen concentrations of R? plants were not affected by
soil nitrogen (post hoc test, P [ 0.05), carbon and nitrogen
of R- plants gradually increased with soil nitrogen levels
(post hoc test, P \ 0.05). As a result, the C:N ratio of R?
plants was significantly lower than that of R- plants, and
an increase of soil nitrogen caused a decrease of the C:N
ratio (two-way ANOVA, R: F1,117 = 83.62, P \ 0.001, F:
F2,117 = 21.58, P \ 0.001, Fig. 3c). There was significant
interaction between R and F treatments (F2,117 = 7.60,
P \ 0.001). Total phenolics of R? plants were less than
those of R- plants, and soil nitrogen decreased the total
phenolics concentration (two-way ANOVA, R: F1,117 =
13.71, P \ 0.001, F: F2,117 = 3.44, P = 0.035, Fig. 3d).
There was no significant interaction between R and F
treatments (F2,117 = 0.15, P = 0.861).
Rhizobia effect on spider mite survival and oviposition
More than 77% of the spider mites survived for 3 days, and
the survival rate did not differ between R and F treatments
(nominal logistic regression, R: v1,258
2 = 0.35, P = 0.557,
F: v2,258
2 = 2.74, P = 0.098, R 9 F: v2,258
2 \ 0.01,
P = 0.996, Fig. 4a). Egg production by spider mites was
enhanced by R and F treatments (two-way ANOVA, R:
F1,31 = 13.67, P \ 0.001, F: F1,31 = 11.20, P = 0.002,
Fig. 4b). There was no interaction in egg production
between R and F treatments (F1,31 = 1.69, P = 0.204).
Discussion
Effects of rhizobia on plant quality and susceptibility
to spider mites
This study clearly demonstrated that rhizobia modified the
chemical and nutrient status of soybean, leading to
enhanced plant susceptibility to the spider mites. R? plants
produced a greater number of leaves with higher nitrogen
and lower phenolics than R- plants. Spider mites fed on
R? leaves produced more eggs than those fed on R-
leaves. The increased plant susceptibility may have been
caused by at least two factors. First, rhizobia increased the
nitrogen level in the plants. For many herbivorous arthro-
pods, nitrogen is an important factor in determining their
growth and/or reproduction (Mattson 1980; Mattson and
Scriber 1987; White 1993). In fact, higher leaf nitrogen can
increase the fecundity of spider mites (Wermelinger et al.
1985; Wilson et al. 1988). Therefore, high leaf nitrogen
provides high-quality resources to spider mites. Second,
rhizobia decreased the phenolics concentration in the
leaves. Phenolics are defensive substances against many
arthropod herbivores (Feeny 1970; Bryant et al. 1987; Dudt
and Shure 1994), including spider mites (Larson and Berry
1984). Although we know little about the effects of rhi-










































Fig. 2 a Total mass and b leaf mass of soybeans. Solid and open
columns indicate root-nodulating (R?) and non-nodulating (R-)
soybeans, respectively (R-F-: n = 25, R-F?: n = 24, R-F??:
n = 25, R?F-: n = 14, R?F?: n = 15, and R?F?? : n = 14).
Different letters show significant difference between treatments




















































































Fig. 3 a Carbon, b nitrogen, c C:N ratio, and d total phenolics in
leaves. Solid and open columns indicate root-nodulating (R?) and
non-nodulating (R-) soybeans, respectively (R-F-: n = 25, R-F?:
n = 24, R-F??: n = 25, R?F-: n = 14, R?F?: n = 15, and
R?F??: n = 14). Different letters show significant difference


















































Fig. 4 a Survival rate and b egg production of a spider mite in 3
days. Solid and open columns indicate root-nodulating (R?) and non-
nodulating (R-) soybeans, respectively (R-F-: n = 6, R-F??:
n = 12, R?F-: n = 6, and R?F??: n = 9). Different letters show
significant difference between treatments (Tukey–Kramer test,
P \ 0.05). Bars show SE
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decreased phenolics and increased nitrogen levels might be
underlying mechanisms responsible for the enhanced
reproduction of the spider mites observed here.
It is practically impossible to completely remove rhi-
zobia in potted soybeans during the experiment because
belowground bacteria easily colonize in the field. There-
fore, we used a closely related non-nodulating strain to the
nodulating strain. Likewise, Kempel et al. (2009) examined
the effects of rhizobia on performances of aboveground
lepidopteran caterpillars and aphids, using a non-nodulat-
ing mutant of white clover. It is more likely that difference
in the egg production of spider mites was caused by rhi-
zobia, although a possibility that other traits of non-nodu-
lating plants related to resistance to spider mites differ from
those of nodulating plants is not excluded.
Recent studies have paid much attention to the effects of
belowground symbiotic microbes on aboveground plant-
arthropod interactions (Gange 2007; Hartley and Gange
2009). For example, it has been shown that reproductive
traits of aboveground herbivorous arthropods can be posi-
tively or negatively affected by belowground arbuscular
mycorrhizal fungi (Gange et al. 1999; Goverde et al. 2000).
In their meta-analysis using 34 studies, Koricheva et al.
(2009) showed that performance of mesophyll feeders was
decreased by mycorrhizal fungi colonization, but perfor-
mance of sucking insects was increased. For example,
Gange et al. (1999) reported that the fecundity of two
species of aphids (Myzus persicae and M. ascalonicus) was
enhanced when the aphids fed on mycorrhiza-infected
Plantago. Likewise, spider mites (T. urticae) fed on
mycorrhiza-infected plants showed increased egg produc-
tion (Hoffmann et al. 2009) although this pattern was in
contrast to the findings Koricheva et al. (2009). There is
increasing evidence that mycorrhizal fungi influence
reproductive traits of aboveground arthropods. However, to
date we know little about the effects of nitrogen-fixing
bacteria (but see Kempel et al. 2009).
Endophytes living in leaves directly provide defensive
substances to host plants. For example, Neotyphodium
endophyte produces alkaloids in the host plant and makes
host plants toxic to herbivores (Carroll 1988; Bush et al.
1997). In contrast to the plant-endophyte interaction, rhi-
zobia are not likely to produce toxic substances, but do
provide nitrogen to host plants. Thus, modification of the
nutrient status by rhizobia may indirectly influence the
defensive status of host plants. It is known that the carbon-
based chemical substances in leaves change depending on
the resource availability in the soil (Bryant et al. 1983;
Coley et al. 1985; Bazzaz et al. 1987; Denslow et al. 1990),
and that nitrogen-fertilization reduces the concentrations of
carbon-based secondary metabolites (Bryant et al. 1987).
This is partly because of a metabolic trade-off between the
syntheses of leaf proteins and carbon-based phenolics
(protein competition model: Jones and Hartley 1999).
Since rhizobia provide nitrogen to host plants, it is likely
that an increase in foliar nitrogen by rhizobia association
causes a decrease in foliar phenolics.
Rhizobia activity and its effects on spider mites
at different soil nitrogen levels
In this study, we also evaluated the effect of soil nitrogen
level on rhizobia activity by assessing nitrogen types in
xylem sap. Although root nodule mass did not differ among
F treatments, ureide-N, an indicator of nitrogen provided
by rhizobia, in xylem sap decreased at moderate and high
soil nitrogen levels. In contrast, amino acid-N in xylem
sap, an indicator of nitrogen derived from soil, increased
with increasing soil nitrogen levels. Nitrate-N in xylem
sap, another indicator of nitrogen derived from soil, was
not influenced by the soil nitrogen level, although its
concentration was considerably lower than those of ureide-
N and amino acid-N. Thus, the rhizobia activity is most
likely to decrease with increasing soil nitrogen level. This
result agrees with the conclusion that rhizobia activity
decreased when fertilized (Evans 1982; Hardarson and
Zapata 1984).
We expected that rhizobia effects on spider mite egg
production would decrease in high soil nitrogen conditions.
However, this was not the case; rather the effect of rhizobia
was still maintained even at high soil nitrogen level with
low rhizobia activity. In this study, the foliar nitrogen of
R? plant was significantly higher than that of R- plants at
high soil nitrogen levels. Also, the total phenolics of R?
plants tended to be less than those of R- plants. Thus, soil
nitrogen and rhizobia may independently affect the repro-
ductive performance of the spider mite, or soil nitrogen
may enhance the effects of rhizobia.
This result suggests that the effects of rhizobia on her-
bivore performance were not cancelled out at high soil
fertility. Although modification of the nutrient status by
rhizobia may indirectly increase or decrease the strength of
host plant resistance, the positive effects of rhizobia may
be not only due to simply an increase in the availability of
nitrogen for the plant. Because Pozo and Azco´n-Aguilar
(2007) suggested that belowground mycorrhizal fungi
directly promote plant defense systems by influencing the
jasmonate-dependent signaling pathway, rhizobia may also
influence plant resistance independent of the nitrogen
supply to host plants. However, the underlying mechanisms
of rhizobia-driven plant resistance related to nitrogen-
based secondary compounds are little understood, and thus
the effect of the nodulating gene on plant resistance
remains unclear.
All legume plants have obligate symbiosis with rhizo-
bia. It is known that legumes are key ecosystem drivers that
504 Popul Ecol (2010) 52:499–506
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determine ecosystem productivity (Aarssen 1997; Mulder
et al. 2002) and influence arthropod diversity in terrestrial
systems (Siemann 1998). Although recent studies have
emphasized that rhizobia act as a determinant of plant
community structure and diversity (van der Heijden et al.
2006, 2008), legume-rhizobia-aboveground arthropod
interactions have remained poorly explored. Our study
clearly demonstrated that rhizobia indirectly enhanced egg
production of the spider mites through changes in plant
quality. Future studies need to pay more attention to rhi-
zobia effects to better understand aboveground plant-
arthropod interactions.
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